ABSTRACT. The high surface areas of nanostructured electrodes can provide for significantly enhanced surface loadings of electroactive materials. The fabrication and characterisation of nanoporous gold (np-Au) substrates as electrodes for bioelectrochemical applications is described.
INTRODUCTION
Nanoporous gold (np-Au) is a material of considerable versatility and diverse application. [1] [2] [3] np-Au is conductive, chemically and mechanically stable, free of surface contaminants (arising from preparation in nitric or perchloric acid), biocompatible, and easily functionalized. [1] [2] [3] It has a high surface-to-volume ratio and large surface area with pore sizes that are tunable from the nanometer to micron scale. These properties make np-Au attractive for applications in the immobilization of enzymes or antibodies, 4,5 energy storage, 6 catalysis, 7 and bio/fuel cells. 8, 9 The use of large surface area supports can potentially improve the performance of devices, e.g. the sensitivity of an affinity-based biosensor can be increased by increasing the number of immobilized receptor molecules. Sensitive biosensors have been developed for the detection of DNA, 4 prostate specific antigen, 5 and thrombin. 10 The development of electrochemical devices based on direct electron transfer (DET) between an immobilized enzyme and an electrode surface, has been hampered by the (a) limited number of redox enzymes exhibiting DET at the surface of an electrode (approximately 5% of known redox enzymes), 11 (b) limited stability of enzyme electrodes, and (c) low, observed, current densities. 12 Achieving DET requires selective modification of the electrode surface to enable optimal orientation of the enzyme and to minimize the distance between the electrochemically active centre and the electrode surface. 13 Correct orientation is crucial as the rate of electron transfer decreases exponentially with distance. 14 The high surface-to-volume ratio and the ability to functionalize the surface of np-Au with alkanethiolate SAMs can result in high loadings of optimally orientated enzymes. Such high loadings ensure that the maximum signal is achieved and factors such as substrate diffusion or enzyme kinetics limit the response. Immobilisation of an enzyme within the protective sheltered surroundings of a nanopore, as opposed to on an exposed flat surface, may afford additional protection for the enzyme from external environmental conditions potentially preventing desorption and stabilising the protein against reversible unfolding. 15 Any desorption of enzyme that does occur is more easily compensated due to the abundance of enzyme initially adsorbed in comparison to that at a planar Au electrode.
Cytochrome c (cyt c) is a small (104 amino acid residues) redox protein capable of DET between its heme co-factor and a suitably modified electrode. 16 The role of cyt c in the respiratory chains of mitochondria, coupled to its stability, wide availability and comprehensive physiochemical characterization ensures that it is widely used as a model for larger, more complex ET systems. 16 A stable electroactive monolayer of cyt c may be physically adsorbed by electrostatic interaction of lysine residues to a carboxyl-terminated alkane thiolate SAM on Au. 17 Alternatively cyt c can be covalently attached using carbodiimide linkages. 18 Bilirubin oxidases (BOD) are glycosylated enzymes, with molecular masses of 52 -64 kDa, and belong to a group of "blue" multicopper oxidases that include laccases, ascorbate oxidase, and ceruloplasmine. 19 BOD from the fungi Myrothecium verrucaria (MvBOD) and Trachyderma tsunodae (TtBOD) have been purified and used as cathode biocatalysts in biofuel cells. They catalyse the four-electron reduction of O 2 to water without producing H 2 O 2 and do so at neutral pH and relatively low overpotentials. 20, 21 Ikeda et al. initially described the use of BOD as a biocathode, reducing O 2 to water in the presence of the mediator 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonate) at low overpotentials. 22 High current densities for O 2 reduction were achieved via a mediated electron transfer mechanism by incorporating MvBOD and TtBOD into osmium-based redox hydrogel polymers. 19, 21, 23, 24 Here, we describe the fabrication and characterization of two np-Au electrodes of different morphology and surface roughness. np-Au electrodes were fabricated by sputtering a Au-Ag alloy on to a glass support with subsequent de-alloying of Ag. In contrast to electrodes fabricated from 50%Ag:50% Au (white gold), the electrodes were mechanically robust, which greatly facilitated their ease of use. A series of electrochemical probes was used to characterize the electrochemically addressable surface area, A real . The importance of using a probe appropriate to the intended application is evident from the range of surface areas that were obtained. For applications such as biofuel cells which entail immobilisation of enzymes, cyt c was used as a model system to ascertain the surface area accessible to modification by a redox protein, A macro . Significantly increased (11 fold) loadings were observed. Preliminary studies on the preparation of np-Au electrodes modified with osmium redox polymer hydrogels and MvBOD as a biocathode were performed.
EXPERIMENTAL SECTION
Fabrication of nanoporous and planar Au electrodes. Metal targets for substrate deposition, Au (AJA International Inc., USA), Ag and Ti (Kurt J. Lesker Company Ltd., UK), were >99.99% pure. Magnetron sputtering was carried out at room temperature in an ultra-high vacuum chamber (ORION-5-UHV custom sputtering system) onto plain pre-cleaned glass microscope slides. Prior to metal deposition, the glass slides were cleaned in the vacuum chamber by Ar plasma. Sample substrates were tilted at ~70° from the surface normal and rotated at 20 -40 rpm to ensure uniform deposition. Sputter deposition rates were calibrated using a quartz crystal thickness monitor. The planar Au substrate was prepared by deposition of a ~10 nm thick Ti adhesion layer followed by a ~100 nm thick Au layer. A thinner Au substrate layer (35 nm) was used as a base for the deposition of a composite layer of Ag x Au x-1 with a uniform distribution of Ag and Au. The ~35 nm thick Au layer improves adhesion and prevents delamination of the Ag x Au 1-x alloy layer during de-alloying. 25 In addition any potential redox activity of the underlying Ti layer is suppressed. Each metal was sputtered at a constant sputtering rate to produce a ~300 nm thick Ag 67 Au 33 alloy layer with a uniform distribution of Ag throughout the alloy. Ag x Au x-1 substrates with a non-uniform distribution of Ag were prepared by simultaneously depositing Au at a constant sputtering rate while Ag was deposited at a gradually increasing sputtering rate. This procedure produced a ~300 nm thick Ag x Au x-1 layer with a higher distribution of Ag near the surface of the alloy layer. Both "uniform" and "non-uniform" Ag x Au x-1 substrates were de-alloyed in concentrated (70% w/v) nitric acid for 15 minutes at 38°C. On removal from the nitric acid bath, the substrates were thoroughly rinsed with de-ionized water and dried in a stream of nitrogen. The electrodes were electrically connected via a Ag wire attached to the Au substrate using indium and an epoxy glue. A circular electrode area (0.28 cm radius) was defined using an insulating paint (Gwent Electronic Materials
Ltd., UK).
The structure and chemical composition of np-Au was characterized using a scanning electron microscope (Hitachi SU-70) equipped with an energy dispersive X-ray spectrometer (EDS, Oxford Instruments). In order to minimize charging effects, beam voltages were adjusted between 3
and 5 kV and a corner of the sample electrically connected to the sample holder with silver paint.
The Au pore, ligament, and crack sizes were determined manually by identifying a minimum of 10 of each feature and making measurements across the shortest distance using ImageJ software.
Preparation of nanoporous gold leaf electrodes. 12-carat Au-Ag leaf (50 wt. % Au) was obtained from Wilhelm Wasner Blattgold, Germany. After de-alloying in (70% w/v) nitric acid for 15 minutes at 30 °C, the free-standing np-Au films were washed several times with ultra-pure water and floated on water. The floating np-Au films were attached to a polished glassy carbon (GC) electrode and allowed dry for 12 hours at 4°C to create a high surface area np-Au / GC electrode, as described previously.
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Electrochemical measurements and reagents. All electrochemical studies were performed using either a CHI832 bi-potentiostat or CHI630A potentiostat (CH Instruments, Texas, USA) in a standard 3-electrode electrochemical cell with a 0. A solution containing the osmium-based redox polymer mediator [Os(2,2′-bipyridine) 2 (polyvinylimidazole) 10 A possible explanation for the observed low surface coverages is that different electrode surface morphologies produce non-equivalent adsorption sites and thus different X surf values for FcHxSH. 41 The major morphological difference between planar and np-Au electrodes is the presence of a higher density of defect-type sites (such as step-edges) in the latter. 41 Defect sites are unlikely to be places of easily exchangeable molecules. Thus, any thiol adsorbed at a defect site will remain adsorbed and is less likely to exchange with free thiols in solution. Effectively, diluent molecules stabilized at defect sites no longer exchange with FcHxSH. The adsorption of diluent subsequently becomes more favoured than at planar Au and X surf values for FcHxSH are reduced.
Cyclic voltammograms for the diffusion-controlled redox probes ruthenium (III) hexamine chloride ( Figure 3 (A) ) and potassium ferricyanide (Figure 3 (B) ) show no significant increase in current density on substituting planar with np-Au electrodes. As observed for bulk Cu deposition, semi-infinite linear diffusion fields are established on the time-scale of the experiment limiting the observed current densities. Switching from planar to np-Au did, however, have a significant influence on the response observed for oxygen reduction (Figure 3 (D) ). A positive shift and splitting of the oxygen reduction peak was observed, from -433 mV at planar Au to -210 (peak 1) / -346 (peak 2) mV, and -196 (peak 1) / -307 (peak 2) mV, at uniform and non-uniform np-Au, respectively. Also, a doubling of the current density was observed at the np-Au electrodes. As described previously, 42 such observations are a result of oxygen reduction proceeding at planar and np-Au via different mechanisms due to the catalytic effect of defect sites present in np-Au. Oxygen reduction at np-Au electrodes proceeds via a four electron process that takes place in two steps.
Oxygen is first reduced to hydrogen peroxide and then, due to the high reactivity of the defect sites in np-Au, undergoes reduction to water. At a planar Au electrode, oxygen reduction proceeds via a two electron reduction to hydrogen peroxide. Any subsequent reduction to water that may take place at planar Au occurs too slowly to be observed under the experimental conditions employed. 42 Direct comparisons between planar and np-Au systems for (a) adsorption of mixed monolayers of redox active thiols and (b) oxygen reduction are not valid due to the significant influence the electrode morphologies, in terms of defect site densities, have on the observed response. Comparisons of current densities at planar and np-Au systems for diffusion-controlled redox reactions, as a reliable method to determine the electrochemically addressable surface areas (A real ), are not valid as the overlapping diffusion zones at np-Au limit the current response. Minimal increases in the electroanalytical signal for redox probes with fast electron transfer kinetics, despite substantial increases of A real , have been reported for nanostructured electrodes based on macroporous Au, 43 Au nanopillars, 44 nanoporous Au attached to glassy carbon, 45 
Voltammetric characterization of cyt c immobilized on planar and np-Au electrodes.
The voltammetric responses of cyt c covalently immobilized at planar and np-Au electrodes modified with a HS(CH 2 ) 10 COOH / HS(CH 2 ) 6 OH mixed SAM are shown in Figure 4 . In comparison to homogeneous SAMs, mixed SAMs result in faster and more reversible electron transfer kinetics for immobilized cyt c . 29 The E o' values of cyt c at both np-Au electrodes (table 2) were constant over a range of scan rates (10 to 1000 mV s -1 ), in good agreement with similarly modified electrodes. 48 Plots of the anodic and cathodic peak currents versus scan rate were linear ( Figure 5 (A) ), indicating that cyt c was adsorbed on the electrode surface. Voltammograms were nearly symmetric, with some deviations in the peak separation (E p ) and full width at half maximum (FWHM) from ideal behaviour (0 and 90.6 mV respectively (table 2) . 49 Such deviations may arise from a heterogeneous distribution of cyt c on the modified electrode surface and / or variations of the electrode surface (pore opening, size etc). A distribution of formal potentials may occur and, as described below, a distribution of heterogeneous electron transfer rate constants (k et ) may be observed. [50] [51] [52] No changes in the voltammetric response with continuous potential cycling (30 scans) in aqueous buffer (not shown) were observed, demonstrating the stability of the adsorbed protein.
Electrode topography, low R f planar versus high R f np-Au surfaces, and heterogeneous mixed SAMs noticeably influence the voltammetry of adsorbed cyt c. Rough electrode surfaces modified with mixed SAMs to generate monolayers with higher defect densities provide the optimal faradaic response. 31, 53 The irregularly textured surfaces described here provide such a response ( Figure 4 ) which is in contrast to the poor response obtained at surfaces with minimal defects or smooth surfaces modified with long chain homogeneous carboxylic acid terminated SAMs. 53 The response (inset Figure 4) R f values, in particular at non-uniform np-Au electrodes, were less than those obtained using other surface-confined techniques ( 1 ). The more pronounced decrease in A macro for non-uniform np-Au electrodes reveals that a considerable portion of the finer nanostructure was inaccessible to the bulky cyt c molecule (diameter of 6.6 Å). 16 As discussed above, a control experiment with a "blocking" SAM, showed that the walls of the nanopores could be fully modified and that incomplete surface modification would not account for the reduced surface coverages of electrochemically active cyt c. In contrast to other surface-confined methods, cyt c immobilization can be used to provide a more accurate probe of the loading capacities of large molecules on Au nanostructures.
Comparative study with np-Au leaf modified glassy carbon electrodes. The np-Au electrodes were mechanically robust and securely attached to the underlying glass support by a Ti / pure Au adhesion layer. This allowed ease of handling / manipulation and, as outlined, facile functionalisation of the electrode surface with thiols and large biological molecules. An alternative method of fabricating np-Au electrodes involved using free-standing Au-Ag leaf as a precursor film of np-Au. Attempts were made to modify a np-Au / GC electrode with a mixed thiol SAM in an identical manner as described for cyt c immobilization on sputtered np-Au electrodes. However, thiol modification of the Au was found to disrupt the weak attractive forces securing the np-Au film to the underlying GC electrode, detaching the np-Au film from the GC. Attempts to modify the npAu film with thiol molecules prior to attachment on GC were not successful, either due to the film breaking in solution or failure of the thiol modified films to attach to GC. Improved attachment of the np-Au film to GC has been reported by dropping a suspension of Nafion © on a dry np-Au / GC electrode. 9, 26 This, however, would preclude the ability to modify the np-Au with thiols or any other potential linker molecules.
Biocathode development at planar and np-Au electrodes. The mediator Os(bpy) 2 55 The catalytic current will be limited by the enzyme-catalysed rate of O 2 reduction if too little enzyme is present or by increased resistance in the film if too much non-conductive enzyme is present. 55 At 22.8 wt. % of cross-linker the films were stable showing no variation in response after 100 scans in the absence of O 2 , while enabling appreciable current densities to be achieved in the presence of O 2 .
Near identical symmetric responses were observed for the Os 2+/3+ complex at each electrode design in terms of E m°' , E p , half-peak widths, current density, and total charge transferred ( Figure   6 ). Voltammograms differed only in the magnitudes of the double layer capacitances (C dl ) observed, with C dl increasing with R f , as expected. E m°' values of 224 (± 2) mV were in agreement with previous results. Increasing the surface roughness of the electrodes did not increase the quantity of addressable Os 2+/3+ centres in the hydrogel since, at slow scan rates, all of these highly mobile Os 2+/3+ centres were already fully oxidized and reduced during a potential cycle at a planar Au electrode.
At each electrode design the onset of the O 2 reduction current began at a potential slightly positive of E m°' , a limiting peak current was reached at E m°' , which decayed gradually to a potential-independent plateau current at potentials ~150 mV more negative than E m°' . The catalytic current response at both np-Au electrodes revealed a splitting of the reduction peak, in particular for uniform np-Au ( Figure 6(B) ). This may arise from the mediator / enzyme complex inhabiting different environments within the pores, such peak splitting was not observed for laccase and cellobiose dehydrogenase (data not shown). The rate of O 2 reduction catalyzed by MvBOD and mediated by Os(bpy) 2 .PVI in the film was high when compared to the rate of O 2 diffusion in the electrolyte, resulting in depletion of O 2 at the electrode surface. Thus, concentration polarization, a consequence of not rotating the electrode, was manifested as a peak current on the voltammogram.
Near identical peak current densities of 476 (± 74), 478 (± 29), and 521 (± 20) A cm -2 were obtained at planar, uniform nanoporous, and non-uniform nanoporous Au electrodes, respectively.
As outlined for diffusion-controlled electrode reactions, overlapping diffusion zones between adjacent nanopores establish limiting semi-infinite linear diffusion fields on the time-scale of the experiment and the maximum current density was dependent on A geo .
The observed current densities in Figure 6 are in agreement with the results obtained for similar biocathodes at glassy carbon electrodes which were subject to moderate rotation speeds of 100 rpm. 21 Heller described a MvBOD cathode "wired" using a [(PAA-PVI)-Os(dcl-bpy) 2 ]
mediator which was capable of operating with a maximum current density of 700 A cm -2 under stagnant physiological conditions at carbon fibre microelectrodes. 57 Using similarly modified carbon cloth electrodes under physiological conditions, maximum current densities of 5 mA cm -2 were obtained at 1000 rpm. 55 These higher current densities arise from: (a) the use of microelectrodes and high rotation rates which increase the rate of O 2 transport to the electrode surface and (b) the use of different osmium redox polymers which significantly influence the catalytic current. 
